D esorption isotherms at different operating temperatures provide valuable information for the design and control of drying processes. In the present work the desorption isotherms of pears are determined according to two equivalent forms of the GAB model at temperatures of 20, 25 and 30¯C. These cover the range of summer average daily temperatures in Portugal, when the solar drying of pears is carried out. Two different computer tting methodologies are used, namely, Ordinary Least Squares (OLS) and Orthogonal Distance Regression (ODR), in order to evaluate the above mentioned forms of the GAB model.
INTRODUCTION
The water activity strongly in uences the type and intensity of the deterioration reactions that may occur in food material. Reducing the water content allows better preservation, since the material no longer constitutes an appropriate substrate for the growing of bacteria or for the occurrence of enzymatic modi cations 1, 2 . Drying is one of the most important techniques for food preservation and one of the most important operating factors is the nal water content of the food; this determines the end-point of the drying process. If this nal water content is too high the food stability is reduced but, on the other hand, if it is below a given optimum value, energy is wasted in the process 3 . Fruits that are often dried are grapes, gs, plums, apricots and peaches, but other products have more recently gained increased importance, such as apples and pears 4, 5 . Success in food drying and food storage related operations (for example conditioning and packaging) strongly depends on the isothermal relationship between the water activity and water content of the food material being processed. Therefore, knowledge of such relations, often expressed in the form of sorption isotherms, at the drying and storage temperatures, is of unquestionable importance for food industry 6 . All food materials are characterized by a particular sorption isotherm, correlating the water content and the relative humidity of the surrounding atmosphere, at a constant temperature. The sorption behaviour of fruits exhibits a hysteresis pattern and, thus, the corresponding isotherm shows two different curves, one for the dehydration and another for the rehydration processes which at zero humidity should form a closed loop 7 . Most sorption isotherms exhibit a sigmoid shape 8 , although some exceptions have been reported for particular food products and=or temperatures. Such isotherms provide information on how strongly the water is bound to the material 8 and this is essential for the prediction of the drying and rehydration rates 9 . The information provided by sorption isotherms also enables the establishment of the ranges of water content at which the food is stable.
The aim of this paper is to investigate the sorption isotherms of a pear variety that, when dried, is highly appreciated for its quality, and whose economical importance is expected to increase in the near future in certain regions of central Portugal. Computer tting methodologies commonly adopted in experimental programs on fruit drying will be given special attention. In particular, two equivalent models of the same isotherm will be assessed with respect to the robustness of the estimation problem. This evaluation will also be combined with the use of two different statistical techniques.
EXPERIMENTAL
The pears used in this study are of variety D. Joaquina. These are small, round products of approximately 40 mm diameter, which exhibit good drying features. Their initial water content is about 85% and the dry basis sugar content can be up to 70%. When dried they are very sweet and smooth 10, 11 . The experimental data for the desorption isotherms were determined using circular slices of pear 30 mm diameter and 3 mm thick, dried in a ventilated chamber (WTB-Binder) at a constant temperature. Every hour, three different samples were taken in order to measure their average water content (Mettler toledo, HG53 halogen moisture analyser) and the correspondingwater activity(Rotronichygrometer). Constant drying temperatures of 20, 25 and 30¯C were investigated, using a different set of samples for each temperature.
GAB MODEL FOR SORPTION ISOTHERMS
The Guggenheim-Anderson-de Boer (GAB) model is widely used to describe with relative accuracy the sorption isotherms of a number of food materials. The simpli ed form of the GAB equation relates the dry basis water content of the product, W, with the water activity, a w , as follows 4, 8 :
where W m is the water content of the monolayer and C and K are temperature dependent functions. The latter have the typical form:
Equations (2) and (3) enable a more complete description of the sorption isotherm since the dry basis water content of the product, W, is now correlated with both the water activity and the operating temperature in a single and explicit way. In these equations H m , H n and H l correspond to the molar sorption enthalpies of the monolayer, multilayers and bulk liquid, respectively, and c 0 and k 0 represent entropic accommodation constants 8 .
COMPUTER FITTING PROCEDURE
Using the data for the sorption isotherms at 20, 25 and 30¯C, two basic strategies were adopted to model the process:
(1) Using the simpli ed version of the GAB model (see equation (1)) estimate the corresponding three parameters, where W m is temperature independent, and where C and K are temperature dependent. This procedure was repeated for all the data for each temperature in order to obtain:°t hree (3) values of W m that should reveal some temperature invariance.°t hree (3) values for C and three (3) values for K that should reveal an exponential variation with temperature, as indicated in equations (2) and (3). The variations were later determined by linear tting of the triplets of C and K after taking the logarithm of equations (2) and (3).
(2) Using the full form of the GAB model (represented by the three simultaneous equations (1), (2) and (3)) directly estimate ve parameters, namely, W m , c 0 , k 0 , DH c and DH k . This procedure was applied to all data (i.e. for all three temperatures).
In this work, a different tting technique, the ODR method, will be evaluated against the ordinary least squares (OLS); the latter tting method is most often used in this type of study 4 . The orthogonal distance regression (ODR) method is one of the so called EVM (errors-in-variables) methods in which unknown errors are taken into account in both dependent and independent variables. The problem can be formulated as follows: consider a set of data …x i ; y i †; iˆ1; . . . ; n; where y i is supposed to be a non-linear function of x i and a set of parameters b k . If both x i and y i contain unknown errors d i and e i , then the observed value of y i satis es 12 :
for some set of values b k , kˆ1, . . . , n p . As a result of unknown errors in both the dependent and independent variables, the ODR method nds the best solution of the estimation problem by minimizing the n orthogonal distance from the curve f …x; b † to all data points, i.e.
12
:
This is in clear contrast with the conventional OLS technique where unknown errors, d i , in the independent variables, x i , are never taken into account.
When the expanded form of the GAB model is used to estimate the afore mentioned parameters, the function is of the form:
where W represents the dependent variable, and a w and T the two independent variables that are affected by non-zero unknown measurement errors of different statistical means. In this case, e i refer to errors in W, and d i express the residues in the two independent variables: a w and T.
The software package used to compute the parameters is ODRPACK, developed by the Center for Computing and Applied Mathematics of the National Institute of Standards and Technology (USA) 12 . Table 1 details the tting strategy that was used in this work. It can be seen that the ODR was employed for both forms of the GAB model, and the OLS technique was only used for comparison purposes. 
RESULTS AND DISCUSSION
The results of the parameter estimation carried out using case-1 are shown in Table 2 . Based on the high values of the sum of the square of the residuals and residual standard deviation, it is clear that the estimation is of poor quality. Moreover, the optimal estimate for the supposedly temperature independent parameter, W m , shows a remarkable sensitivity to temperature which is also a indication of the poor quality of the estimation. Table 3 shows the results of the estimation using the ODR technique applied to the same simpli ed form of the GAB model. As it can be seen, the values of the sum of the square of the errors and the residual standard deviation are much smaller than those characterizing the OLS tting procedure (see Table 3 ). In spite of this clear improvement in the statistical analysis of the problem, there is still an unquestionable sensitivity of W m to temperature; this is to a much less extent than in the ODR procedure.
The better performance of the ODR, as shown by the results of this preliminary study, is not surprising because it is well known that ordinary least squares is based on the assumption that there are no unknown measurement errors in the independent variables. This means that it can only be applied to problems with errors in the dependent variables, and this is undoubtedly not the case in the present study. In fact, taking a closer look at the GAB model the independent variable a w , the water activity, is experimentally measured with some kind of uncertainty. This fact is corroborated by the higher values of the sum of square of the errors associated with a w in comparison to those of W, the dependent variable. Error analysis is appropriate to con rm this.
In Figure 1 (graphs (a) and (b) ) the quantifying residues associated with both variables, a w and W, obtained with the ODR tting, are plotted against the corresponding variable, for the three temperatures. Comparing graphs (a) and (b), it is noticeable that the errors associated with the independent variable, a w , are more signi cant than the errors associated with the dependent variable, W, corroborating the earlier suggestion.
The residues for a w and W are represented in frequency mode in Figure 2 , and the corresponding mean values and standard deviations are summarized in Table 4 . From this it is possible to con rm that the mean values of the residues of a w are of the order 10 ¡2 and those of W are of one order lower, i.e. 10
¡3
. This difference is even more relevant when taking into account that a w varies between a minimum of zero and a maximum of one, while W can vary from 0 to in nity.
These particular statistical properties of the experimental data are an indication that some alternative curve tting method should be used instead of the ordinary least squares (OLS) because the assumptions on which it is based are not satis ed. This is, however, very appropriate for hand- ling with an EVM method and especially with the ODR algorithm. Due to the great potential of ODR for multi-parameter estimation with errors in all variables, the data obtained experimentally at three temperatures will be processed as a single set of 116 triplets (W, a w , T ) against the full form of the GAB model (with ve parameters, see Table 1 ). The results of this full parameter estimation are summarized in Table 5 .
The statistical treatment of the residuals for case 3 are presented in Figure 3 and Table 6 . This con rms that the errors in one of the independent variables (a w ) is clearly higher than the dependent variable (W ). The results also con rm that the other independent variable (T ) is practically negligibly affected by errors, as expected.
Since the proposed method of estimation (full form of the GAB model and ODR algorithm) enables a more robust statistical processing of the data, it is possible, using the optimal parameter estimates shown in Table 5 , to calculate the sorption isotherms of the pears at a temperature range slightly wider than that in the experimental programme. These are illustrated in Figure 4 for temperatures of 20, 40 and 60¯C. As can be seen, the differences between the isotherms are not signi cant. However, the slight variation in the isotherms shows that increasing the temperature gives rise to a higher isotherm. This behaviour is not usual; at constant moisture content, an increase in temperature enhances water activity quite considerably to most solid fruits 4, 13 . Nevertheless, the results of this study are as expected because this fruit is mainly constituted of sugars (up to 70% dry basis) and these are reported to exhibit an opposite behaviour when compared to most solid food products, due to the solution of solids in water 6, 14 .
CONCLUSIONS
A new methodology to t the experimental data for the desorption isotherms of D. Joaquina pears at 20, 25 and 30¯C has been proposed and evaluated. The ordinary least squares (OLS) tting method was shown to not adequately estimate the GAB equation parameters, since it assumes that there are no errors in the independent variables, which is not the case in this study. As an alternative, the orthogonal distance regression (ODR) has been assessed and its performance was shown to be unquestionably superior. The results reveal that, for the temperature range between 20 and 30¯C, there is no meaningful sensitivity, i.e. the equilibrium between the relative humidity of the air, or its water activity, and the pear water content does not signicantly change with temperature. This is of particular importance as the solar drying of these pears is carried out at open air and, therefore, is subject to natural temperature variations of this magnitude. However, if industrial processing were to be sought in the future, there would be important gains if it were possible to widen the range of operating temperatures, and if an optimization scheme were applied to take full advantage of this work. 
